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Th e ferr omagne t i c/ dia magneti c semicond uctor sup erlattice s, Eu S/ PbS
and EuS/ Y bSe, w ere studied by neutron reÛectivity . In order to determine
the strength of the interlayer coupling , the intensity of the Ùrst magnetic

Bragg p eak vs. appli ed external magnetic Ùeld w as measured. A ddition all y,
the in -plane anisotropy and the domain structure w ere studied by polar-
i zed neutron reÛectivity . T he dep endence of the intensity of the antif erro-
magnetic neutron reÛectivity p eak vs. magnetic Ùeld w as simulated using a

Stoner { W ohlf arth model. T o repro duce the observed spectra it w as neces-
sary to take into account the presence of Ûuctuation s of the nonmagnetic
layers thickness, by assuming a Gaussian spread of the interlayer couplin g

constant J . For b oth EuS/PbS and EuS/Y bSe superlatti ces, the b est Ùt w as
obtained for the directions of the in- plan e easy axes, w hich agree w ith those
determined by p olarized neutron reÛectivi ty .
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1. I n t rod uct io n

The al l -semiconducto r superlatti ce (SL) system s consi sting of magneti c EuS
layers (bul k EuS is a classical Heisenberg f erromagnet wi th the Curi e tempera-
ture of 16.6 K) separated by nonm agneti c, and vi rtua l ly nonconducti ng (e.g., PbS
or YbSe) spacer layers exhi bi t a range of intri guing magneti c properti es. In our
previ ous studi es [1, 2] i t was shown by both, the neutro n di ˜ra cti on and neutro n
reÛectivi ty , tha t in these structures pro nounced interl ayer coupl ing (IC) correl ates
anti ferromagneti cal ly the spi ns in consecuti ve ferro magneti c (F M) EuS layers. In
som e of the EuS/ PbS sampl es the existence of anti ferromagneti c (AFM) IC was
also conÙrmed by di rect magneti zati on (SQUID ) m easurements [1, 3]. To expl ain
these interl ayer spin correl ati ons a m odel , in whi ch the exchange intera cti ons are
m ediated by valence band electro ns, has been proposed [4, 5]. The m odel does not
assume any parti cul ar intera cti on m echani sm, but attri butes IC to the sensiti vi ty
of the SL electro nic energies to the m agneti c order in the magneti c layers, i .e., ac-
counts globally for the spin-dependent band structure e˜ects. In the calcul ati ons
presented in [4] and [5] the spin{ orbi t intera cti ons were neglected. Here we im -
pro ve the m odel by includi ng the spi n{ orbi t term s in the descripti on of the band
structure of PbS, where they are kno wn to pl ay an importa nt ro le. These correc-
ti ons do not intro duce, however, any signi Ùcant changesin the obta ined previ ousl y
resul ts.

In order to calculate IC, the to ta l energies of the valence electrons in two
cases, one for SL wi th the same (FM) and the other wi th opposite (AFM) spin
conÙgurati ons in consecuti ve magneti c layers, were com pared. The obta ined sign
of Â E , i.e., of the di ˜erence between these two energies per uni t surf ace of the
layer, has shown tha t in both typ es of SL, EuS/ PbS, and EuS/ YbSe, the AFM
al ignm ent of m agneti zati on vecto rs in successive magneti c layers is energeti cally
pref erred | in agreement wi th the experim enta l Ùndings. The IC consta nt J ,
whi ch describes the strength of the interl ayer m agneti c coupl ing resul ti ng f rom
band structure e˜ects, can be obta ined di rectl y from the energy di ˜erence Â E . In
R ef. [5] i t was shown tha t the strength of the coupl ing in both studi ed SL decreases
exp onenti al ly wi th the nonm agneti c layer thi ckness, but f or EuS layers separated
by YbSe the calcul ated IC is weaker and its range is shorter tha n for EuS/ PbS
SL. The comparison of the obta ined values wi th the exp erim ent is, however, by
far not tri vi al .

2 . T he st r en gt h of i n ter l ay er co up l ing

T o determ ine exp erimenta l ly the streng th of the AFM IC in EuS-based sys-
tem s, the m easurements of the intensi ty of the Ùrst m agneti c SL Bra gg peak vs.
appl ied externa l m agneti c Ùeld were carri ed out at NIST Center for Neutro n Re-
search, at the NG -1 reÛectom eter using unp olarized neutro n beam . The intensi ty
of thi s peak is di rectl y related to the relati ve conÙgurati on of the m agneti zati ons
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in the consecuti ve magneti c layers. The m agneti c Ùeld, appl ied in the growth plane
of the sam ples, forces the gradual change of the di recti on of the m agneti zati ons
in adj acent EuS layers leadi ng eventua lly to the FM al ignment of the ini ti al ly
anti ferromagneti cal ly coupl ed layers. D ue to para l lel al ignm ent of al l EuS layer
m agneti zati ons in the appl ied Ùeld, the AFM peak disappears and the increased
intensi ty of the structura l peak is vi sibl e (Fi g. 1), because the m agneti c period of
the FM ordered lay ers and the SL period are equal .

Fig. 1. N eutron reÛectivity spectra for EuS/PbS (60/2 3) ¡A (a) and EuS/Y bSe

( 44/20) ¡A (b) SL, measured below T C (4 K ) in zero external Ùeld (circles) and in the

saturating magnetic Ùeld of 185 G or 150 G (triangles).

The strength of the IC can be obta ined from the value of the satura ti ng
m agneti c Ùeld onl y i f the coupl ing is m uch stronger tha n the in-plane ani sotro py
forces. In such case, the decrease in the AFM peak intensi ty f or increasing Ùeld
is ful ly reversibl e, when the externa l magneti c Ùeld is decreased back to zero.
W hen the IC is com parabl e or weaker tha n the ani sotro py forces, a hysteresis-l ike
behavi or should be observed. A com plete restorati on of an AFM interl ayer conÙg-
ura ti on upon reversa l of the di recti on of the appl ied m agneti c Ùeld was observed
for EuS/ PbS wi th very thi n spacer layers. For EuS/ PbS wi th a thi cker PbS spacer,
the AFM EuS interl ayer conÙgurati on is restored only parti a lly | due to the wi der
spacer layer, the IC is weaker and eventual ly becomes com parabl eto the ani sotro py
forces. In the case of EuS/ YbSe SL wi th com parabl e YbSe spacer thi cknesses the
restored AFM peak intensi ti es after the Ùeld reversa l are considerably lower tha n
for EuS/ PbS SLs (com pare Fi g. 2 and Fi g. 3). Thi s observati on is in qual i ta ti ve
agreem ent wi th the theo reti cal results obta ined in R ef. [5]. T o determ ine the ex-
perim ental v alue of the IC constant, whi ch can be com pared wi th the theoreti cal
m odel , the kno wl edge of the anisotro py Ùelds in the studi ed structures is needed.
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Fig. 2. T he intensity of the A FM neutron reÛectivity peak vs. magnetic Ùeld for three

di ˜erent (EuS) m /(PbS) n SL: (a) m = 1 0; n = 1 :5 ; (b) m = 11 :6 7; n = 4; (c) m =

15 ; n = 8: 33 . The lines represent the Ùtting.

Fig. 3. T he intensity of the A FM neutron reÛectivity peak vs. magnetic Ùeld for tw o

(EuS) m /(Y bSe) n SL: (a) m = 16 : 67 ; n = 3: 33 ; (b) m = 14 : 67 ; n = 6 : 67 . The lines

represent the Ùtting.

The in-pl ane dom ain structure and in-plane magneti c ani sotro py in the EuS
layers in EuS/ PbS and EuS/ YbSe SL were studi ed by specul ar polarized neutro n
reÛectometry [6]. In bul k EuS the easy axes l ie along [111]- typ e di recti ons. In
the layered structures , due to the shape ani sotro py, the magneti zati on di recti ons
are conÙned to the (001) growth pl ane of the layers. The neutro n reÛecti vi ty
m easurements, perform ed in conj uncti on wi th rotati ng the sam ples about the axi s
norm al to the reÛecting surface, essential ly show the presence of the bi axi al state
wi th 90£ dom ains, in agreement wi th the fourf old in-plane symm etry of the EuS
layer. Surpri singly enough, i t was found, however, tha t the dom ain m agneti zati ons
in EuS/ PbS and EuS/ YbSe SLs were aligned along di ˜erent in-plane di recti ons,
the easy axes being h 2 1 0 i and h 1 1 0 i , respecti vel y [6]. Mo reover, in both ki nds of
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SL the popul ati ons of the two typ es of domains are f ar from being equal | about
three quarters of dom ains are oriented along one easy axi s. Thi s result suggests
tha t the fourf old sym metry of the EuS layers in the studi ed SL is weakened as
compared to the bul k crysta l .

3 . St oner { W ohlf ar th m odel

In order to describe the dependence of the intensi ty of the AFM neutro n re-
Ûectivi ty peak vs. m agneti c Ùeld in term s of IC and anisotro py the Stoner{ W ohl farth
Ha mi l to nian [7] was used. W e consider two FM layers, described by m agneti zati on
vecto rs M s ; 1 and M s; 2 . W e assume tha t these magneti zati ons and the m agneti c
Ùeld l ie in-plane, and thus the angles between m agneti zati on vecto rs and m agneti c
Ùeld, ˚ 1 and ˚ 2 , are su£ ci ent to describe the system . The to ta l m agneti c energy
of the layers is given by :

E = E J + E H; 1 + E H; 2 + E K; 1 + E K; 2 : (1)

It consists of IC described by the constant J :

E J = J
s; s ;

M s ; M s ;

= J cos( ˚ ˚ ) ; (2)

the cubi c anisotro py K :

E K; i = tK cos ˚ i ; (3)

and Zeeman term s:

E H; i = t ñ s ; i = tñ M s H cos( ˚ i ) : (4)

Thi s energy was m inim ized as a functi on of the m agneti zati on di recti ons.
The obta ined di recti ons were used to calcul ate the m agneti c structure sums and
to com pute the intensi ty of AFM peaks. The values of the IC and the ani sotro py
constants, J and K , were obta ined by least-square Ùtti ng of the calcul ated peak
intensi ti es for di ˜erent m agneti c Ùelds to the experim ental data . The appl ied pro-
cedure is schemati cal ly shown in Fi g. 4. W e note tha t for J < K =3 the AFM
conÙgurati on cannot be restored upon reversal of the m agneti c Ùeld, as shown in
Fi g. 4a. On the other hand, when J > K =3 , the coupl ing is strong enough to
restore the AFM al ignm ent of the layers and leads to the spectrum presented in
Fi g. 4b. The observed spectra can be repro duced onl y by a com binati on of these
two behavi ors, as presented in Fi g. 4c. Thus, in the Ùtti ng it was necessary to
assume tha t di ˜erent m agneti c domains are coupl ed wi th di ˜erent streng ths (i .e.,
are separated by spacers of di ˜erent thi ckness) | in other wo rds, i t was necessary
to ta ke into account the magneti c/ nonm agneti c interf acial roughness. The popu-
lati on of the dom ains coupl ed by IC of di ˜erent J wa s described by a Gaussian
di stri buti on. W ecalcul ate the dependence of AFM peak intensi ty on magneti c Ùeld
for a range of v alues of J and sum up the resul ts wi th appro pri ate wei ghts.
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Fig. 4. The intensity of the A FM peak vs. magnetic Ùeld in p erfect samples show s

tw o typ es of b ehavior: (a) for small J ( J < K = 3) the coupling is to o weak to restore

A FM conÙguration w hen w e reverse the magnetic Ùeld; (b) w hen J > K = 3 the couplin g

is able to restore A FM conÙgurati on. T he observed A FM peak intensity dependence

on magnetic Ùeld (c) is a combination of these two typ es of spectra w ith appropriate

Gaussian w eights.

In Fi gs. 2 and 3 the Ùtted spectra are presented by connected l ines. For
both EuS/ PbS and EuS/ YbSe SL, the best Ùt wa s obta ined for the di recti ons of
the in-plane easy axes, whi ch agree wi th tho se determ ined by polari zed neutro n
reÛectivi ty , i .e, h 2 1 0 i and h 1 1 0 i , respecti vely. The addi ti on of an uni axi al ani sotro py
term (a long the di recti ons determ ined by the polari zed neutro n experim ents) to
the Sto ner{ W ohl farth Ha mi l toni an further im pro ved the Ùtti ng for the EuS/ YbSe
structure.

The Ùtti ng procedure al lowed us to extra ct f rom the neutro n reÛecti vi ty
resul ts the streng th of anisotro py forces in the SL. The obta ined values of the
ani sotro py constant K are sim i lar for al l sampl es of the sam e typ e of SL, but
for EuS/ YbSe K is m uch bigger tha n for EuS/ PbS. Mo reover, i t al lowed one to
determ ine the mean streng th of IC, also for sam ples for whi ch the AFM layer
conÙgurati on was not ful ly restored up on reversal of the di recti on of the appl ied
m agneti c Ùeld. In Fi g. 5, these values are presented (a) wi th tho se calcul ated
wi thi n the theo reti cal model (b), f or a variety of EuS/ PbS and EuS/ YbSe SL
(m ind the di ˜erent scales in part (a) and (b)). As the inaccura cy of determ ining
the J constant by the Ùtti ng pro cedure depends cruci al ly on the J =K ra ti o, the
resul ts f or SL wi th thi cker spacers, i .e., smal ler J , and especially f or EuS/ YbSe,
are consi derabl y overesti m ated. Mo reover, the Ùtted values of J for larger spacer
thi cknesses conta in the contri buti on from the slowl y decreasing dipolar coupl ing
[8, 1]. Thus, al tho ugh the presented Ùtti ng enabl es the expl anati on of the neutro n
reÛectivi ty experim ents perform ed in the externa l magneti c Ùeld, the obta ined by
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Fig. 5. T he Ùtted (a) and model (b) strength of I C as a function of the spacer thickness

for EuS/PbS (circles) and EuS/Y bSe (s quares) SL.

thi s pro cedure J values cannot be compared constructi vely wi th the theoreti cal
m odel [4, 5].

4 . Co n cl usion s

Using the Stoner{ W ohl farth Ham i l toni an we have repro duced the depen-
dence of the intensi ty of AFM neutro n reÛectivi ty peak vs. m agneti c Ùeld, for a
vari ety of EuS/ PbS and EuS/ YbSe SL. The necessi ty of incl udi ng the spread of
J into the Ùtti ng procedure, Ùnal ly pro ves the impact of the interf acial rough-
ness on the streng th of the interl ayer correl ati ons in real EuS-based SL structures.
Thi s may expl ain why the observed IC is usual ly an order of m agni tude weaker
tha n the theo reti cal ly predi cted coupl ing f or a perfect SL. It was Ùrst suggested
in [4] tha t thi s di screpancy can be ascribed either to the stra ins resulti ng f rom
the latti ce mismatch between the SL consti tuent materi als and the KCl substra te
or, more l ikely, to the interf acial roughness. Further, the theo reti cal study of the
dependence of IC on stra in [5] seemed to exclude the Ùrst possibi l i ty . It was also
shown in [3] tha t ICs in EuS/ PbS/ EuS tri layers, grown on either PbS or KCl
substra tes, do not di ˜er signi Ùcantl y. The present study shows the need of includ-
ing the SL imperfecti ons in the theoreti cal descripti on of the IC. The Ùtti ng also
shows tha t the experim ents perform ed in externa l m agneti c Ùeld conÙrm the re-
sul t obta ined by polarized neutro n reÛectivi ty tha t in-plane easy axes in EuS/ PbS
and EuS/ YbSe l ie along di ˜erent, h 2 1 0 i and h 1 1 0 i , respectivel y, crysta l lographic
di recti ons. Fi nal ly, i t was obta ined tha t the spin{ orbi t intera cti ons in PbS do not
a˜ect noti ceabl y the theo reti cal va lues of the IC m ediated by valence electrons.
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